Recombinant elastin-like protein (ELP) polymers display several favorable characteristics for tissue repair and replacement as well as drug delivery applications. However, these materials are derived from peptide sequences that do not lend themselves to cell adhesion, migration, or proliferation. This report describes the chemoselective ligation of peptide linkers bearing the bioactive RGD sequence to the surface of ELP hydrogels. Initially, cystamine is conjugated to ELP, followed by the temperature-driven formation of elastomeric ELP hydrogels. Cystamine reduction produces reactive thiols that are coupled to the RGD peptide linker via a terminal maleimide group. Investigations into the behavior of endothelial cells and mesenchymal stem cells on the RGD-modified ELP hydrogel surface reveal significantly enhanced attachment, spreading, migration and proliferation. Attached endothelial cells display a quiescent phenotype.
Introduction
Experimental small-diameter vascular grafts underperform due to thrombogenicity of the lumenal surface and neointimal hyperplasia attributed to a mechanical mismatch between synthetic materials and arterial tissue [1, 2] . Recombinant elastin-like protein (ELP) materials have emerged in principle as attractive biomaterials for vascular applications because they are based on amino acid sequences from elastin, a key structural protein of the native vasculature [3] . We have recently described triblock ELP polymers with hydrophilic, elastomeric midblock sequences flanked by self-associating, hydrophobic endblocks in an ABA triblock format [4] [5] [6] . Notably, triblock ELPs are highly soluble under cool, aqueous conditions, but form elastomeric gels when solutions are raised above an inverse transition temperature. Under these conditions the more hydrophobic endblocks coacervate to form physical crosslinks while the midblocks remain elastomeric and solvated. As an example, LysB10, a 209 kDa triblock ELP, has an inverse transition temperature of 13 °C [6] . Due to the inclusion of lysine residues at the block interfaces, LysB10 can be crosslinked by chemical strategies that reinforce physical crosslinking. Our studies have shown that triblock ELPs are non-thrombogenic [7] , can be highly biostable [8] , permit controlled drug release [9] and can be used in protein-based composites that mimic native artery mechanics [10] . Despite these advantages, the peptide sequences typically employed in ELP design do not support cell adhesion.
Poor patency rates of synthetic polymers have motivated strategies to promote luminal endothelialization [11] [12] [13] [14] [15] [16] [17] , often through covalent tethering of biomolecules [18] . Because these reactions are typically between the amino acid side chains and activated surface functional groups, uncontrolled or non-specific covalent binding often results. Herein, we describe maleimide-thiol chemistry for hydrogel surface biofunctionalization. The high degree of specificity and reactivity of sulfhydryl groups with maleimide moieties to form stable thioether bonds has been exploited extensively for the construction of immobilized antibodies, enzymes and peptide-conjugated haptens [19] [20] [21] [22] . Maleimide reacts approximately 1000 times faster with thiols than with amines at neutral pH and below, and this reaction is widely used for conjugation of cysteine-containing peptide and proteins [23] [24] [25] .
The RGD sequence was explored as a model peptide conjugate, given its ubiquitous nature in extracellular matrix (ECM) proteins, including fibronectin, vitronectin, fibrinogen, von Willebrand factor, as well as collagen, and its ability to bind numerous integrins, notably α 5 β 1 and α v β 3 [26] . Several biomaterials have been functionalized with RGD, including polymers such as poly(ethylene glycol) (PEG) hydrogels [27, 28] , polyacrylamide [29, 30] , poly(2-hydroxyethyl methacrylate) [31, 32] , poly(lactic acid-co-lysine) [34, 35] , poly(propylene fumarate) [33, 34] and polyurethanes [35, 36] ; and biopolymers, including collagen [37, 38] , fibrin [14, 39] , hyaluronic acid [40, 41] , alginate [42, 43] , dextran [44, 45] , ELPs [46] [47] [48] and silk-like proteins [49] .
Materials and methods

Reagents, antibodies and cells
All solvents and reagents were purchased from commercial sources and were used as received, unless otherwise noted. The peptide sequences GRGDSP and GRGESP were synthesized by Ana-Spec (Fremont, CA). Porcine mesenchymal stem cells (pMSCs) were a kind gift from Dr. Steven Stice (University of Georgia). The biosynthetic strategy for the expression and purification of the recombinant ELP triblock polymer, LysB10, has been described previously [6] .
Cystamine modification of LysB10
LysB10 was chemically modified utilizing aqueous carbodiimide chemistry (Scheme 1) [24] . Cystamine (Sigma Aldrich) was added to the solution at 20-fold molar excess to a cooled solution of LysB10 (10 mg ml −1 , 4 °C PBS), followed by N-(3-dimethylaminopropyl)-N′ethylcarbodiimide (EDC) at 5-fold molar excess relative to cystamine. After stirring (72 h, 4°C
) cystamine-modified LysB10 polymer was purified by dialysis and lyophilization (81% yield).
Solid-phase peptide synthesis
The RGDSP (Arg-Gly-Asp-Ser-Pro) peptide was synthesized manually on a Rink amide resin using the standard Fmoc amino acid coupling strategy [50] . Briefly, Fmoc-Pro-Rink amide resin (1.0 g, 0.45 mmol g −1 ) was loaded into a fritted column equipped with a plastic cap. The resin was swelled by stirring gently with 20 ml dichloromethane (DCM) for 10 min and filtered. This procedure was repeated with 4 × 20 ml portions of DCM and followed by 4 × 20 ml portions of dimethylformamide (DMF). Deprotection of Fmoc was performed with 20% piperidine in DMF (2 × 10 ml) for 20 min. The protected amino acids used in the coupling sequences are Fmoc-Ser-OH, Fmoc-Asp(tBu)-OH, Fmoc-Arg(Pbf), Fmoc-Glu(biotinyl-PEG)-OH and 3-maleimido propinoic acid. Except for the Fmoc-Glu(biotinyl-PEG)-OH coupling reaction, every successive coupling was performed with four equivalents of Fmoc-amino acid preactivated for 5 min with HBTU/HOBt in 10 ml DMF. The Fmoc-Glu(biotinyl-PEG)-OH reaction was performed with PyBOP/HOBt as the coupling reagent. The progress of the deprotection/coupling was followed at every cycle by performing the ninhydrin test using the Kaiser kit. Cleavage/deprotection of the peptide from the resin was accomplished by gently stirring in 20 ml of a 1/2/2/95 of water/ ethanedithiol/triethylsilane/trifluoroacetic acid for 2 h and filtering. The peptide was obtained as a yellow syrup, which was precipitated as a white solid by adding the cold ether (50 ml). The precipitated peptide was collected and purified by RP-HPLC using Varian C18 columns (150 × 10.0 mm) with a gradient elution of 95/5 to 50/50 of water/acetonitrile in 30 min. The fraction eluted at 11.5 min was collected and lyophilized to obtain desired peptide as a white powder (453 mg, 68% yield). ESI-HRMS calculated for C60H96N19O22S1 [M +H] + = 1466.66980, found 1466.49657.
Genipin crosslinking and thiol modification of cystamine-LysB10 hydrogels
Protein polymer gels were formed by pipetting 40 μl of cystamine-LysB10 solution (100 mg ml −1 ) uniformly into wells of a polystyrene 96-well plate at 4 °C, followed by incubation well above the LysB10 inverse transition temperature (37 °C, 1 h). Hydrogels were crosslinked with genipin solution (6 mg ml −1 ) in PBS for 24 h, followed by stringent PBS rinsing. Thiol groups were reduced with the addition of 26 mM Tris(2carboxyethyl)phosphine (TCEP) for 6 h. After rinsing with three 20 min PBS washes, thiolated hydrogels were either conjugated to the RGD peptide or assayed for extent of thiol modification. Unmodified LysB10 hydrogels were generated similarly, with the exclusion of the reducing (TCEP) step. The extent of thiol modification was determined by incubation of Ellman's reagent in phosphate buffer (4 mg ml −1 Ellman's reagent, 0.1 M sodium phosphate, 1 mM EDTA, pH 8.0) for 15 min at room temperature. Absorbance at 412 nm was measured and concentration values were obtained from comparison of measurements to a standard curve generated from cysteine dilutions in phosphate buffer.
Conjugation of the peptide linker to LysB10
In pilot experiments, a maleimide-PEG 2 -biotin linker (5, 10, 25, 50, 150 or 1000 μgml −1 ) was incubated for 2 h at room temperature with unmodified or thiol-modified LysB10 hydrogels, followed by incubation in PBS with daily buffer changes for 5 days to minimize nonspecific binding. Biotin conjugation was determined using the fluoreporter biotin quantification assay kit (Molecular Probes). Identical conjugation was performed with RGD-maleimide linker with consistency of results verified by biotin assay (Scheme 1).
Cell culture, adhesion and proliferation
Human umbilical vein endothelial cells (HUVEC, Clonetics) were maintained in endothelial growth medium-2 (EGM-2, 2% serum, Clonetics). pMSCs were cultured in α-MEM basal medium supplemented with 10% fetal bovine serum, 50 U ml −1 penicillin, 50 μgml −1 streptomycin and 2 mM L-glutamine. Cells were incubated (5% CO 2 , 37 °C) and passed every 2 days. HUVECs and pMSCS between passages 3 and 9 were used in all experiments.
Cell adhesion was studied on thiol-modified or unmodified LysB10, incubated with various concentrations of RGD linker and rinsed, as described above. Positive controls consisted of fibronectin (50 μgml −1 ) absorbed to polystyrene wells. Cells were harvested with Cell Dissociation Solution (Sigma) and centrifuged (220g, 5 min). HUVEC and pMSCs were resuspended at 200,000 cells ml −1 in basal medium containing 0.5% bovine serum albumin (BSA) or in low-serum media (1% serum), respectively. Cell suspension (100 μl) was plated onto LysB10 surfaces, incubated at 37 °C for 2 h, and washed thereafter three times with PBS. Adherent cells were determined using the CyQuant Cell Proliferation Assay Kit (Molecular Probes) and the results normalized to fibronectin-coated control surfaces.
Specificity of cell adhesion was studied on unmodified or thiol-modified LysB10 gels exposed to either a RGD or a PEG 2 -biotin linker at 50 μgml −1 . Cells were harvested and seeded as above, although some groups were treated with soluble GRGDSP (2 mM) or soluble GRGESP peptide (2 mM) for 30 min prior to plating. Cells were counted as described above and all data normalized to fibronectin-coated control surfaces.
Cell proliferation was evaluated using the CyQuant Cell Proliferation Assay Kit. Cells were harvested and seeded onto various LysB10 gels at a density of 5000 cells per well. After an initial 2 h incubation period, non-adherent cells were removed with media washes and substrate-bound cells were cultured for another 48 h. Proliferation was characterized by comparison of cell counts at 2 and 48 h.
Radial migration assay
Cell migration on LysB10 hydrogels and fibronectin-coated wells (n = 4) was defined using the Oris cell migration assay FLEX kit (Platypus Technologies) in which cells were seeded into 96-well plates consisting of opaque wells and transparent bottoms. A cell-seeding stopper (d = 2 mm) was positioned on the hydrogel surface, creating a central detection zone initially free from cell adhesion. Cells were harvested as above and resuspended at 400,000 cells ml −1 in serum-free basal media (HUVECs) or low-serum media (pMSCs). Cell suspensions were treated with mitomycin C (10 μgml −1 , Sigma Aldrich) to arrest proliferation. A total of 100 μl of cell suspension was seeded onto the outer annular region of the protein gel surfaces (30 mm 2 ), and allowed to adhere for 6 h at 37 °C, at which point the stoppers were removed to permit migration into the central detection zone (3.14 mm 2 ). In reference wells, stoppers remained in place until wells were read, as pre-migration controls. Following removal of unbound cells by rinsing with complete media, wells were filled with 150 μl of complete media, and incubated at 37 °C for 36 h. Following three PBS washes, migration was quantified by Calcein AM staining after incubation with 2 μM Calcein AM for 1 h. Migrated cells in the central detection zone were analyzed with a fluorescent plate reader. The Oris detection mask prevented signal detection of the outer annular region, such that the detected fluorescent signal was isolated from cells that had migrated only into the central detection zone. Readings from pre-migration control wells were subtracted from the post-migration wells to eliminate background. Data was normalized to the fibronectin-coated wells as a positive control.
Immunofluorescence characterization of cell morpohology and HUVEC activation
Cell morphology was observed by fluorescently labeling actin. HUVEC activation and quiescence was studied by immunofluorescent staining of ICAM-1 and E-selectin. Experiments were performed in polystyrene 8-well chamber slides (Nalge Nunc, International). Fibronectin controls were formulated by adsorbing 50 μgml −1 solutions overnight at 4 °C. Suspensions of HUVECs (15000 cells per well) were seeded onto the slides and cultured for a period of 2 h (F-actin staining) or 4 h (ICAM-1 and E-selectin staining) in serum-free medium. Similarly prepared pMSCs were cultured in low-serum (1% FBS) media. To activate HUVECs, 100 ng ml −1 tumor necrosis factor alpha (TNFα) was added to cells cultured on fibronectin-coated slides for 4 h prior to immunostaining.
Subsequently, specimens were fixed in 4% paraformaldehyde (10 min), permeabilized with PBS containing 0.5% Triton X-100 (10 min), rinsed with 100 mM glycine (10 min) and incubated with block buffer (PBS+/+, 0.2% Triton X-100, 6% goat serum, room temperature, 1 h). For F-actin staining, cells were incubated with Alexa Fluor 568conjugated phalloidin for 30 min. To evaluate HUVEC activation/quiescence, 10 μg ml −1 solutions of E-selectin and ICAM-1 monoclonal antibodies were incubated for 1 h. Primary antibody incubation was followed by 45 min incubation with 2.5 μgml −1 biotinylated goat anti-mouse IgG secondary and 30 min incubation with 2.5 μgml −1 streptavidin-AlexaFluor 488 tertiary. Nuclei were counterstained with Prolong Gold mounting medium containing DAPI, and specimens were evaluated with confocal microscopy.
Statistical analysis
Comparisons were performed by ANOVA or paired, two-tailed Student's t-test, with P < 0.05 significance. Results are presented as mean ± standard deviation. Data represent characteristic results from a particular experimental run (n = 4 for all groups) from at least three independent runs.
Results
Extent of thiol and RGD linker modification
Following cystamine modification and TCEP reduction of LysB10, Ellman's reaction was performed to determine the extent of thiol modification. Modification was 54.7 ± 1.9% and 48.6 ± 2.5% in solution and as hydrogels, respectively, which corresponds to modifying 13-15 of the 28 available carboxylic groups per molecule. In the absence of thiol reduction no modification was observed. By monitoring biotin concentration, conjugation of the RGD linker was explored at linker concentrations ranging from 5 to 5000 μg ml −1 , with bound peptide steadily increasing until a plateau was observed at 1 mg ml −1 (Fig. 1) . Passive adsorption onto unmodified hydrogels was not observable at concentrations below 150 μgml −1 , and then increased with increasing linker concentration, despite the 5 day PBS rinsing step. Linker surface densities were calculated assuming a 50 nmpenetration of reactants [42, 51] . The grafting efficiency of a 50 μgml −1 RGD linker solution was 37%, which corresponds to five RGD peptides per LysB10 molecule.
Cell attachment
The conjugation of RGD linkers to LysB10 gels supported HUVEC and pMSC adhesion. HUVEC attachment and spreading was observed within 2 h when cells were seeded onto protein gels modified with 10, 50, 150 and 1000 μgml −1 of RGD linker (Fig. 2 ). Minimal HUVEC adhesion was observed on hydrogels in the absence of RGD treatment. Cell adhesion on thiol-modified LysB10 treated with 10 or 50 μgml −1 of RGD linker was approximately 6-fold higher than that observed on unmodified LysB10. However, further increases in RGD peptide concentration from 50 to 1000 μgml −1 did not increase HUVEC adhesion. The maximum level of cell adhesion onto RGD modified protein gels was ~80% of that noted on fibronectin-coated polystyrene surfaces. pMSC adhesion was also enhanced on LysB10 surfaces by the presence of the linker. Although some pMSC attachment was observed on thiol-modified gels in the absence of RGD linker, pMSC adhesion increased nearly 5-fold when thiol-modified gels were treated with RGD-linker (Fig. 3A) . Furthermore, cell adhesion on RGD-conjugated LysB10 gels was equivalent to that observed on fibronectin-coated polystyrene surfaces. For both cell types, spreading was greatly enhanced on RGD-conjugated LysB10, with well-developed actin fiber networks apparent. However, cells assumed a rounded morphology, with actin molecules distributed in a nonspecific manner, when plated onto unmodified LysB10 gels surfaces (Figs. 2B-D and 3B-D).
Cell specificity
Upon addition of soluble GRGDSP to the seeding medium, adhesion of HUVECs and pMSCs onto RGD-LysB10 gel surfaces decreased 8-fold and 5-fold, respectively ( Fig. 4) . Cell attachment was not affected by the soluble sequence GRGESP, confirming integrinspecific interactions. As expected, minimal non-specific cell adhesion was observed on unmodified LysB10 gels or those treated with a PEG linker that did not bear a terminal RGD peptide sequence.
Cell proliferation, migration and activation
RGD-LysB10 promoted a 3.5-fold increase in HUVEC cell number (Fig. 5A) , closely matching the proliferation rate of cells seeded onto fibronectin-coated polystyrene. The rate of pMSC proliferation was somewhat lower on RGD-grafted LysB10, as compared to fibronectin-coated surfaces (Fig. 5B) . The radial migration assay, which tracked cell migration over 36 h period from a seeded, outer annulus area into a central region, demonstrated enhanced migration of HUVECs and pMSCs on RGD-LysB10 surfaces (Fig.  6 ). HUVEC migration was significantly greater on RGD-LysB10 than on unmodified LysB10 (6-fold increase, P < 0.05). Likewise, pMSC migration was 10-fold higher on RGD-LysB10 surfaces (P < 0.05). As expected, cell spreading and migration was not observed on unmodified LysB10 gels. HUVECs grown on RGD-LysB10 surfaces revealed limited ICAM-1 and E-selectin staining consistent with a non-proinflammatory, quiescent phenotype (Fig. 7 ).
Discussion
Recombinant ELPs, based upon repeats and variants of the pentapeptide Val-Pro-Gly-[X]-Gly, have shown potential in applications such as drug delivery, tissue engineering, and as coatings for implanted medical devices [4, 7, [52] [53] [54] [55] [56] [57] . However, ELP sequences do not support cell adhesion. As a case in point, cell seeding on unmodified LysB10 surfaces was associated with minimal cell adhesion or migration, limited cell spreading and no measureable proliferation. To extend the use of these materials to tissue engineering applications, investigators have inserted various bio-adhesive peptide sequences into ELPs, including RGD [58] , the CS5 sequence from fibronectin [59] , laminin-derived sequences or the collagen-binding domain [60] . Compared to the linker conjugation strategy employed here, these approaches have the advantage of circumventing the chemical steps required to synthesize and conjugate the peptide linker. However, modifying the parent DNA sequence for each ELP variant through genetic cloning and recombinant protein expression are timeintensive and expensive processes, particularly given the need to optimize the number, distribution and presentation of incorporated cell-binding sequences. The synthesis of short peptides with functionalized end-groups may present a more efficient approach for screening multiple sequences and related ELP variants and provide the opportunity to incorporate alternative ligands with non-canonical amino acids or chemical groups that cannot be processed via genetic engineering. Additionally, although further studies would need to be performed, conducting chemical conjugation after gel formation may allow the sequestration of ligands at the biomaterial surface.
Modification of the triblock protein polymer, LysB10, proceeded through carbodiimidecatalyzed incorporation of free sulfhydryls under aqueous conditions. Nearly 50% of the accessible carboxylic acid groups (~14) per LysB10 molecule were converted to thiol groups. Concentrated solutions of modified LysB10 gelled above the inverse transition temperature by coacervation or physical crosslinking of the hydrophobic endblock domains. The presence of lysine units at the interface of hydrophobic and hydrophilic blocks afforded an opportunity for subsequent chemical crosslinking of gels with genipin, a cytocompatible crosslinker, in order to further stabilize physical crosslinks [61] [62] [63] .
A RGD-maleimide linker was designed and conjugated to the gel surface to optimize ligand presentation to cell surface integrin receptors (Scheme 1). Enhanced cell adhesion has been shown for the sequence GRGDSP due to the contributions that the flanking residues make toward the overall peptide conformation and stability. Since the RGD sequence is typically presented in native matrix proteins as an exposed loop that interacts with the binding site of the integrin receptor, the peptide sequence was designed with a short spacer consisting of four glycine residues. An N-terminal maleimide facilitated covalent linkage to the thiolmodified surface, and detection of the immobilized peptides was afforded by the addition of a biotin moiety. Commercially available maleimide-PEG 2 -biotin was chosen for model studies due to its similarity to the RGD peptide linker and was utilized to examine whether maleimide linkage to free sulfhydryls to form a thioether bond would affect cell adhesion in the absence of a peptide ligand.
Functionalization of ELP protein polymer surfaces with the RGD linker had a profound effect on cell adhesion, proliferation and migration. Increasing linker concentration resulted in an increase in peptide surface density to a maximum level of 11 pmol cm −2 , or 8 RGD moieties per LysB10 molecule, above a linker concentration of 1 mg ml −1 . This apparent limit in grafting efficiency may be due to steric hindrance associated with the binding of multiple ligands onto a LysB10 backbone. Non-specific adsorption of RGD linker was observed upon exposure of unmodified LysB10 to linker concentrations exceeding 150 μg ml −1 . HUVEC adhesion studies demonstrated that a linker concentration of 50 μgml −1 , leading to a peptide density of 8 pmol cm −2 (5 RGD moieties per LysB10 molecule), was sufficient to promote robust cellular adhesion, with minimal non-specific binding of the linker. Diminished cell adhesion after exposure to soluble GRGDSP peptide confirmed that cell binding was due to the presence of the RGD peptide. Likewise, proliferation and migration studies with both HUVECs and pMSCs were consistent with these findings. Given the association of an activated endothelial cell state with a prothrombotic phenotype, we further demonstrated that HUVECs grown on RGD functionalized protein polymers displayed a quiescent phenotype.
Integrin-mediated cellular functions occur via diverse mechanisms. Previous studies have shown that the density of ECM proteins regulates cell adhesion, spreading and migration speed. However, differences in experimental protocols and surface chemistry and roughness have resulted in a range of reported values for the minimal surface concentration required for cell adhesion and spreading. For example, Massia and Hubbell have reported that a minimal RGD peptide density of 10 fmol cm −2 is required for fibroblast cell spreading, focal contact and stress fiber formation on modified glass surfaces [64] . In contrast, Patel et al. have demonstrated a higher RGD peptide density ranging from 0.2 to 3 pmol cm −2 on an interpenetrating polymer network coating for robust endothelial cell adhesion and spreading [29] . In the present study, RGD-LysB10 protein polymers displayed favorable attachment and proliferation at grafting densities ranging from 4 to 12 pmol cm −2 .
Our results may also be viewed in the context of other studies on modified ELPs. Kaufmann et al. noted large increases in murine osteoblast plating efficiency after recombinant modification of ELP gels with RGD sequences, although migration and proliferation were not investigated [48] . They reported high plating efficiency with the insertion of two RGD sequences in each 21.5 kDa ELP molecule. Using a genetic engineering strategy, Liu and colleagues inserted RGD and CS5 cell-binding sequences into an elastin-mimetic protein and observed increased spreading and adhesion of HUVECs [54, 58] . Cell migration speed did not depend upon the concentration of RGD sequences. Likewise, Nakamura et al.
observed that the genetic insertion of RGD sequences into ELPs led to HUVEC attachment and migration that was equivalent to that on fibronectin and laminin [46] . However, in contrast to the triblock protein polymer used in our studies, high background levels of cell attachment were observed (~40% of that on fibronectin and laminin) on these unmodified elastin-like protein polymers.
Integrin specificity is critical in directing cell fates such as migration, proliferation and differentiation, as different integrins trigger specific signaling pathways. An acknowledged limitation of the RGD sequence, which binds multiple integrins, is an inability to elicit responses based on closely defined intracellular pathways. In the future, greater specificity may be achieved with alternative linker sequences or sequence combinations. For example, in order to promote α 5 β 1 -mediated adhesion, both the RGD sequence in the 10th type III repeat of fibronectin, as well as its synergy site, the PHSRN sequence in the 9th type III repeat domain, could be present in combination [65] . Another peptide with increased integrin affinity and selectivity is the sequence REDV, which binds integrin α 4 β 1 and is capable of interaction with endothelial cells, but not platelets [66] .
The results of this study demonstrate that chemical conjugation of a bioactive ligand via maleimide-thiol chemistry is a viable means of functionalizing surfaces of elastin-like protein polymers. HUVEC and MSC attachment, actin fiber formation, proliferation, radial migration and HUVEC activation states were characterized in order to evaluate the efficacy of RGD-functionalized LysB10, and in all cases linker addition was found to significantly improve cell-material interactions. Coupled RGD peptide as a function of the amount of input peptide in surface-modified LysB10. Data represent one of three similar experiments, with each condition run in quadruplicate. Peptide conjugation was assessed with the use of the biotin tag. In order to determine the moles of biotin conjugated to the LysB10 hydrogel surface, the fluoreporter biotin quantitation assay kit was utilized. HUVEC (A) and pMSC (B) adhesion and specificity to treated LysB10 hydrogel surfaces. Hydrogels were treated with either 50 μg ml −1 RGD linker or 50 μg ml −1 PEG linker (without RGD). Cells were treated with soluble GRGDSP (2 mM) and soluble GRGESP peptide (2 mM) for 30 min prior to plating. All data was normalized to the fibronectin, no add control. Fibronectin (50 μg ml −1 ) was adsorbed onto polystyrene. Data represent one of three similar experiments, with each condition run in quadruplicate. *P < 0.05 compared to no-add treatment group. Proliferation rate of (A) HUVECs and (B) MSCs over a 48 h period. Cells were seeded onto various LysB10 gels at a density of 5,000 cells per well for 2 h. Unbound cells were removed with media washes and substrate-bound cells were maintained in culture for another 48 h period. All cell counts were normalized to the 2 h adhesion value on fibronectin-coated polystyrene. Cell counts at 48 h were compared to those at 2 h for each treatment group. Radial migration assay of (A) HUVECs and (B) MSCs on modified surfaces. Cells were seeded onto an outer annulus area and monitored for motility into an inner radial zone over a 36 h period. Quantification was achieved with fluorescent measurement of the number of migrated cells into the detectable inner zone, which was normalized against the number of migrated cells on fibronectin-coated polystyrene. *P < 0.05 compared to non-RGD treated, unmodified LysB10. Representative confocal images of HUVECs cultured on various substrates. Cells that were cultured on fibronectin-coated slides without TNF-α stimulation (A, B) maintained a quiescent phenotype. Activation was achieved with the addition of TNF-α to the culture medium (E, F). HUVEC activation or quiescence was compared to that on RGD-conjugated LysB10 films (C, D). Markers of HUVEC activation were ICAM-1 (A, C, E) and E-selectin (B, D, F). Quantification demonstrated that RGD-LysB10 was similar to quiescent controls (G). White bars indicate 20 μm.
Scheme 1.
Reaction scheme of LysB10 modification and peptide coupling. Amide bond formation was mediated by the carbodiimide through the carboxylic group of the amino acid and the amine of cystamine, resulting in thiolated LysB10. The plastic domains of LysB10 are represented as "A" endblocks. Hydrogel formation was achieved by placing 10 wt.% thiol-LysB10 solution at 37 °C, well above the transition temperature of the protein polymer. Lysine residues of the protein polymer were crosslinked with a 6mgml −1 genipin solution for 24 h, followed by stringent PBS rinsing to remove all genipin. The thiol groups were reduced with the addition of 26 mM Tris(2-carboxyethyl)phosphine (TCEP) to form free sulfhydryls. After rinsing the gels with three 20 min PBS washes, thiol-reactive peptide linker was incubated for 2 h at room temperature to form a thioether bond with the protein polymer. Peptides were generated via solid-phase synthesis, with key features incorporated in the design. The N-terminus of the molecule contains the thiol-reactive maleimide linker (black). Four glycine residues (blue) act as a spacer between the cell-binding RGD domain (red) and the remaining sequence to facilitate ligand-integrin presentation. A biotinyl-PEG 3 tag was incorporated into the peptide for detection of the molecule.
